Ru catalyst supported on mesoporous carbon CMK-3 shows high activity and durability for the hydrolysis of cellulose to glucose in hot compressed water at 503 K. The Ru/CMK-3 catalyst also hydrolyzes cellobiose to glucose in water at 393 K. Several physicochemical methods such as XRD, TEM, XPS, H 2 -TPR, O 2 -titration, and XAFS were used to characterize active Ru species on CMK-3 and to clarify the formation pathway of the active species. From these studies, we conclude that hydrous Ru oxide RuO 2 ·2H 2 O is formed on CMK-3 after H 2 -reduction of RuCl 3 /CMK-3 at 673 K and subsequent passivation at room temperature, and that the Ru oxide nanoparticles with a mean diameter of 1.1 nm are highly dispersed on CMK-3.
species on CMK-3.
Scheme 1

Experimental
Preparation of Ru/CMK-3 catalysts
Mesoporous silica SBA-15 and carbon CMK-3 were synthesized according to the literature methods [24] , and the detailed procedures are described in Supporting Information. Ru/CMK-3 catalyst was prepared by a conventional impregnation method using RuCl 3 ·nH 2 O (99.9%, Wako) as a source of Ru. An aqueous solution of RuCl 3 ·nH 2 O (5 mL, 53 mg) was added to a mixture of CMK-3 (1.0 g) and distilled water (20 mL). The mixture was stirred for 16 h, and then dried under vacuum for 18 h. The residue was treated with H 2 flow (30 mL min -1 ) at 673 K for 2 h, and passivated by air or diluted O 2 (10%) in He at room temperature to give 2 wt% Ru/CMK-3. 5 wt% and 10 wt% Ru/CMK-3 catalysts were prepared by a similar method using appropriate amounts of Transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDS) were performed using a JEM-2100F (JEOL) with an acceleration voltage of 200 kV. Samples were dispersed on a copper grid with ethanol after ultrasonic pretreatment.
X-ray photoelectron spectroscopy (XPS, JEOL JPC-9010MC) for Ru 3p 3/2 was operated using Al Kα radiation (1486.6 eV) at 100 W and a pass energy of 30 eV. Samples were fixed on a double-stick carbon tape. The binding energies were calibrated using sputtered Au (4f 7/2 peak at 83.8 eV) [25] . Ru metal (powder, Wako), RuCl 3 ·nH 2 O, RuO 2 (99.95%, Alfa Aesar), and RuO 2 ·nH 2 O (99.9%, Aldrich) were used as standard compounds, and hereafter the latter is described as RuO 2 ·2H 2 O, because the water content (n) was estimated to be 2.3 by our thermogravimetric analysis (TGA, Bruker TG-DTA2020S).
H 2 -Temperature-programmed reduction (TPR) was performed using a BELCAT (BEL Japan) (Ǻ = 0.1 nm). For the curve-fitting analysis, the backscattering amplitude and the phase shift of Ru-O and Ru-Ru were obtained from RuO 2 and Ru metal.
Hydrolysis of Cellulose
Cellulose (Merck Avicel, 10 g) was ball-milled to degrade the crystal structure with ZrO 2 balls (1 cm, 1 kg) in a ceramic bottle (900 mL) at 60 rpm for 4 days (96 h) [20, 26] . The degree of crystallinity (CrI) [27] , calculated from the XRD pattern ( Figure S1 ), decreased from 80%
(non-treated) to 10% (milled). The water content of cellulose was estimated by a total organic carbon analyzer (TOC, Shimadzu SSM-5000A) to determine the actual weight of the cellulose.
Hydrolysis of cellulose was performed in a hastelloy high-pressure reactor (OM Lab-tech MMJ-100, 100 mL). The ball-milled cellulose (324 mg containing physisorbed water, ca. 2 mmol based on glucose units), catalyst (50 mg), and distilled water (40 mL) were charged into the reactor under air. As a control, He purge to remove air in the reactor did not affect the reaction results. The reactor was heated from 298 to 503 K in 15 min with stirring at 600 rpm by a rotation wing and then immediately cooled by blowing air with continuing the agitation ( Figure S2 ) [28, 29] . The pressure in the reactor was increased to 2.8 MPa at 503 K due to the vapor pressure of water.
The reaction mixture was separated to liquid and solid phases by centrifugation and decantation.
Products in the solution were analyzed by high-performance liquid chromatography (HPLC, Shimadzu LC10ATVP, refractive index detector, typical charts were shown in Figure S3 ) with a Rezex RPM-Monosaccharide Pb++ (8%) column (ø7.8×300 mm, eluent: water 0.6 mL min , 313 K) to determine the carbon-based yields of water-soluble products by eq 1. The conversion of cellulose was calculated by the weight difference of dried cellulose before and after the reaction (eq 2). The selectivity of product was calculated based on carbon using eq 3.
Yield (%) = (mol of carbon in product) / (mol of carbon in charged cellulose) × 100 (1) Conversion (%) = {1 -(weight of unreacted cellulose) / (weight of charged cellulose)} × 100 (2) Selectivity (%) = (yield of product) / (conversion of cellulose) × 100
The amount of Ru leaching into the liquid phase was checked by inductively coupled plasma atomic emission spectroscopy (ICP-AES, Shimadzu ICPE-9000). The liquid phase was directly analyzed without pretreatment.
Results and Discussion
Catalytic hydrolysis of cellulose
The results of the catalytic hydrolysis of cellulose are summarized in Table 1 . In a blank test without catalyst (entry 1), the conversion of cellulose was 24% and small amounts of glucose (4.6%) and cello-oligosaccharides (14%, dimer to octamer) formed with other minor by-products such as fructose and 5-hydroxymethylfurfural, thereby showing that hot compressed water can hydrolyzes cellulose by the ionic products (H 3 O + and OH -) or by the direct attack of water molecules as the precedent work reported [30] . It is noticeable that CMK-3 significantly increased the conversion of cellulose (54%) and the yields of glucose (16%) and oligomers (22%) (entry 3), and the selectivity for the sum of glucose and oligomers was 71%. This promotion of cellulose hydrolysis might be ascribed to acidic oxygenated-functional groups on CMK-3 (410 mol g , determined by NaOH titration), which can adsorb -glucans [13] . Over the Ru/CMK-3 catalysts, the yield of glucose increased to 24% (Ru 2 wt%, entry 4), 26% (Ru 5 wt%, entry 6), and 31% (Ru 10 wt%, entry 7), and the increases by Ru are 8%, 10%, and 15%, respectively, by subtracting the yield with CMK-3 (16%). 2 wt% Ru on CMK-3 gave the maximum TON (= 15) for the production of glucose (150 mol) based on bulk Ru (10 g-atom). The TON is comparable to those of previously reported solid sulfonic acid catalysts (TONs based on SO 3 H < 12) [11] [12] [13] [14] [15] [16] [17] . However, the total reaction time including cooling to room temperature (50 min, Figure S2 ) is shorter than those of the sulfonic acid systems (typically 24 h), and the turnover frequency (TOF) of Ru (18 )
. In addition, we tested a reaction maintaining the temperature at 463 K for 2 h (entries 2 and 5). Although this reaction with 2 wt% Ru/CMK-3 gave glucose in 20% yield (entry 5), the oligomer yield was significantly depressed and the 5-HMF yield was slightly enhanced compared to those of entry 4. It is thus shown that the rapid heating-cooling method is more favorable to obtain high selectivity for glucose and oligomers.
Table 1
In contrast to the increase of glucose yield by increasing the Ru loading, the yield of oligomers decreased from 22% to 5%, but interestingly the total yields of glucose and oligomers were kept constant at ca. 40% in these reactions. With increase of Ru loading, the selectivity for glucose and oligomers lowered (71% to 55%) due to the increase of the cellulose conversion (54% to 68%). This trade-off between selectivity and conversion is a character of the high reactivity of glucose, thus
showing that formation and decomposition of glucose occur simultaneously during the reactions. In fact, decomposition of glucose (40%) was observed under the same reaction conditions without catalysts. Thereby, the total yield of glucose and oligomers leveled off at 40% despite the increase of cellulose conversion. Based on the above discussion, we propose the roles of CMK-3 and Ru species as follows: (1) CMK-3 converts cellulose to oligomers and glucose along with the effect of hot compressed water (entry 1 to 3). (2) Ru is more effective to increase the glucose yield than CMK-3 (entries 3 and 4). This synergy enables the efficient hydrolysis of cellulose to glucose. We also performed the screening of supports (Table S1 ) and metals (Table S2) , in which 2 wt% Ru/CMK-3 gave the highest TON of metal for glucose formation. Accordingly, 2 wt% Ru/CMK-3 catalyst was chosen for further studies.
To check the hydrolytic activities of Ru for the depolymerization of oligomers, the hydrolysis of cellobiose was performed as a test reaction. The reactions were carried out at a temperature as low as 393 K for 24 h to minimize the hydrolysis by hot compressed water and to avoid the further decomposition of glucose as observed at 503 K (Scheme 2). As shown in Table 2, CMK-3 did not show clear catalytic activity under the mild reaction conditions (entry 9). On the contrary, 2 wt% Ru/CMK-3 improved the glucose yield to 23% (entry 10). It is thus suggested that the Ru species on CMK-3 works as an acid catalyst to hydrolyze β-1,4-glycosidic bonds of oligomers to yield glucose.
Scheme 2 Table 2
The durability of catalysts is an important factor for the practical application. From this viewpoint, the reuse experiments of 2 wt% Ru/CMK-3 catalyst were performed, and the results are summarized in Figure 1 . The solid phase containing the catalyst and unreacted cellulose in the preceding reaction was recovered from the reaction mixture by centrifugation. The solid was directly used for the next reaction without pretreatment by adding fresh cellulose of 324 mg, and the yields were calculated based on the added fresh cellulose. The yields of glucose were in the range of 20-21% in these experiments. Although the yield of oligomers increased in the first three runs as the remaining cellulose in the previous reactions was hydrolyzed, steady results were obtained after the 3rd run. As the conversion of cellulose is ca. 50% in the first reaction, the influence of unreacted cellulose increases in the first three runs by considering the geometric sequence of the accumulation, but becomes almost constant after the 3rd run. Furthermore, remaining cellulose in the previous reactions shows lower reactivity than fresh one because of the transformation of amorphous cellulose to cellulose IV crystal (detected by XRD, not shown). Therefore, the steady results with the good yield of glucose from the 3rd run indicate that the catalytic activity is stable at least after the 3rd run. ICP-AES measurement of the liquid phase after the reaction showed no Ru leaching (less than 0.2 mol%). Furthermore, the use of water solvent filtrated after heating with Ru/CMK-3 catalyst at 503 K did not promote the hydrolysis of cellulose without catalyst (glucose 3.6%, oligomers 15%, conv. 27%) in accord with the control experiment using pure water (glucose 4.6%, oligomers 14%, conv. 24%, Table 1 entry 1) . Therefore, Ru/CMK-3 catalyst is reusable for the hydrolysis of cellulose by easy separation.
Figure 1
Characterization of Ru/CMK-3 catalyst
Several physicochemical methods were used for the characterization of Ru/CMK-3. N 2 adsorption-desorption was performed for CMK-3, Ru/CMK-3, and Ru/CMK-3-W treated in hot compressed water at 503 K. The three samples exhibited almost identical type IV isotherms ( Figure   S4 ) [31] and textural properties (Table S3 ). The SAXS data also verified the ordered mesoporous structure for the samples (Figure 2a) . These results indicate that the ordered mesopores are stable in the impregnation of Ru and in the treatment in water at 503 K.
Figure 2
In the XRD measurement (Figure 2b ), CMK-3 showed two broad peaks at 23° and 43° due to the turbostratic carbon. Ru/CMK-3 and Ru/CMK-3-W provided no diffraction peaks of Ru, indicating the absence of large Ru crystals. TEM images of Ru/CMK-3 show the ordered mesoporous structure of CMK-3 ( Figure 3a ) and dark dots of well-dispersed particles with a mean diameter of 1.1 nm (Figure 3b,c) . The EDS spectrum of Ru/CMK-3 indicated the presence of Ru for Ru/CMK-3 ( Figure   S5 ). From these results, the particles observed in TEM (Figure 3b ) are assignable to a certain type of Ru nanoparticles, and the possible reasons for no diffraction peak of Ru metal in XRD are as follows: (1) metallic Ru crystals are too small to give diffraction peaks in XRD or (2) Ru is not in zero-valent.
Figure 3
It is known that the surface of Ru metal is easily oxidized by O 2 even at room temperature [32] . In our experiments, Ru/CMK-3 was gently passivated in diluted O 2 at room temperature after the H 2 -reduction at 673 K in the catalyst preparation. If the oxidation state of Ru is higher than zero, the Ru species may give an acidic site as discussed in the literature [33] . To characterize the Ru species on CMK-3, XPS was conducted for Ru/CMK-3, in which the Ru loading was increased to 10 wt% to gain a good S/N ratio ( Figure S6 ). Ru metal, RuCl 3 , RuO 2 , and RuO 2 ·2H 2 O were also used as reference materials. In this XPS analysis, the binding energy of Ru 3p 3/2 orbital was measured, because the peak of Ru 3d 5/2 was overlapped with that of C 1s [34] . As shown in Figure S6 , the binding energy of Ru/CMK-3 (461.9 eV) was higher than that of Ru metal (460.7 eV), but similar to those of RuCl 3 (462.1 eV), RuO 2 (461.5 eV), RuO 2 ·2H 2 O (461.9 eV), and Ru/CMK-3-A (461.7 eV) which was the spent catalyst used for the cellulose hydrolysis at 503 K. It is thus indicated that the Ru species on CMK-3 is not in zero-valent but in tri-or tetra-valent state.
To clarify the formation mechanism for the cationic Ru on CMK-3, two types of titration experiments were performed. Firstly, the H 2 -TPR experiments were conducted for RuCl 3 supported on CMK-3 (denoted as RuCl 3 /CMK-3, Ru loading 2 wt%) ( Figure 4 ). The TPR profile of RuCl 3 /CMK-3 shows two major peaks at 400 K and 800 K; the peak at 400 K results from the reduction of RuCl 3 and the latter at 800 K is ascribed to the methanation of CMK-3 by comparing with the profile of CMK-3 [35] . The H/Ru uptake for the reduction was calculated to be 4.2, which was higher than 3 for the stoichiometric reduction of RuCl 3 (RuCl 3 + 3/2 H 2 → Ru + 3 HCl). The excess H 2 might be used for the reduction of surface functional groups such as quinones on CMK-3 [35] , because the H/Ru value was decreased with increase in the Ru loading: 3.3 for 5 wt% and 2.9 for 10 wt% ( Figure S7 ). Accordingly, we conclude that RuCl 3 on CMK-3 is completely reduced to Ru metal during the H 2 -reduction at 673 K (Scheme 3). reported analogous slight change of XANES spectra in the electrochemical reduction of Ru(IV) to Ru(III) for hydrous RuO x films [37] . Accordingly, we propose that Ru(IV) is partially reduced to Ru(III) after the catalytic reaction. By the curve-fitting of the spectrum of Ru/CMK-3-A with those of RuCl 3 and RuO 2 ·2H 2 O, the Ru(III)/Ru(IV) ratio is estimated to be 2/3. One possible reducing agent is glucose produced in the catalytic reaction. Figure S10b ). This may be due to the reduction of Ru(IV) to Ru(III) for RuCMK-3-A, which was suggested by XANES (vide supra).
Fourier transforms of the EXAFS spectra for Ru/CMK-3, RuO 2 ·2H 2 O, and RuO 2 are depicted in Figure 6 . It is clearly shown that Ru/CMK-3 and RuO 2 ·2H 2 O provide similar curves, giving two strong peaks at ca. 1.5 Å and 2.6 Å assigned to Ru-O and Ru-(O)-Ru shells, respectively [38] .
Besides the two peaks, RuO 2 has a characteristic peak at 3.2 Å due to another Ru-(O)-Ru shell in the rutile structure [38, 39] . For Ru/CMK-3-A ( Figure S11 ), a strong peak at 1.5 Å is due to Ru-O, and a peak at 2.4 Å is assignable to another type of Ru-Ru shell (vide infra).
Figure 6
Based on the assignment for the peaks, curve-fitting analysis of the EXAFS oscillations were performed, and the results are summarized in Table 3 . [38] . Therefore, we propose that Ru/CMK-3 has a one-dimensional structure like RuO 2 ·2H 2 O as depicted in Figure 7a . Lack of the Ru-O shell at ca. 3.5 Å, which is observed for RuO 2 , also supports the one-dimensional structure for Ru/CMK-3. From these results, it is concluded that Ru/CMK-3 has highly dispersed RuO 2 ·2H 2 O on CMK-3 as represented in Figure 7a .
Role of Ru in cellulose hydrolysis
As discussed in section 3. [33] . In our case, the dissociation of a water molecule coordinated on Ru could give a vacant site with Lewis acidity.
To investigate the acid sites on Ru, we tried to measure FT-IR spectra of pyridine adsorbed on Ru/CMK-3, but no peaks of adsorbed pyridine were observed. We also performed pyridine-TPD experiments using 2 wt% Ru/CMK-3 and CMK-3. In Figure S12 , the peaks at 500 K are attributed to pyridine desorbed from weak acid sites like COOH on CMK-3 [41] . On 2 wt% Ru/CMK-3, the peaks of CO (or N 2 ) and CO 2 were observed by the decomposition of pyridine on Ru [42, 43] , but no specific peaks due to acid sites were observed by comparing the results of CMK-3. Presumably, the acid site is formed under the reaction conditions in the hot compressed water. "Oligomers" bar is the total yield of dimer-octamer, and "By-products" bar is that of fructose, mannose, levoglucosan, 5-hydroxymethylfurfural, and furfural. "Oligomers" bar is the total yield of dimer-octamer, and "By-products" bar is that of fructose, mannose, levoglucosan, 5-hydroxymethylfurfural, and furfural. 
